Abstract-Supercritical antisolvent crystallization processes (SAS) exploits the unique properties of supercritical fluid to produce the micron size particles of pharmaceutical compounds. In this work, rifampicin which is an antibiotic drug mainly used for treatment of tuberculosis is considered as model drug. A thermodynamic model has been used to predict the solubility of rifampicin in the mixture of carbon dioxide and dimethyl sulfoxide. Peng-Robinson equation of state has been used to calculate the molar volume of binary mixture. All the model equations have been solved in MATLAB 7.1. It is observed that initial droplet diameter depends on flow rate and nozzle diameter. Mass transfer between this droplet and supercritical carbon dioxide has been studied and droplet diameter is calculated as it moves down. Effect of process parameters such as flow rate, nozzle diameter, pressure and temperature have been studied
I. INTRODUCTION
Fine particles of pharmaceutical compounds are in great demand for various reasons such as use of more suitable drug delivery paths in the body, less amount of required dosage of drug as the efficiency of fine drug particles are higher and increase in the bioavailability of drug in the body. Conventional micronization processes such as jet milling and spray drying can result in wide size distribution, thermal denaturing, excessive surface change or roughness [1] . Supercritical fluid base micronization processes have shown an advantage over these traditional processes by overcoming these disadvantages. The advantages of supercritical fluid base processes include high purity of products, control of crystal polymorphism and possibility of processing thermolabile molecules, a single step process and easy downstream processing and environmentally acceptable technology [2] .
A supercritical fluid is defined as a substance above its critical temperature and critical pressure. The physical properties of SCF vary between gas-and liquid-like characteristic [3] . Supercritical fluid can be used as solvent or antisolvent in the micronization process. Carbon dioxide (CO 2 ) is used extensively as a supercritical fluid due to its desirable properties such as relatively accessible critical point at temperature 31.1 o C and pressure at 73.8 bar, abundance and its low toxicity [4] . The particle formation process involving CO 2 as a solvent and antisolvent are referred as Rapid Expansion of Supercritical Solution (RESS) and Supercritical Antisolvent Process (SAS) respectively. The low solubility of the majority of drugs in carbon dioxide limits its use as a pure solvent [5] and therefore role of antisolvent of supercritical fluid (CO 2 ) has been preferred to produce fine drug powders.
In Supercritical antisolvent process, drug of interest is first dissolved into an organic solvent and this solution is injected into supercritical fluid environment which acts as an antisolvent. The solubility of drug in solvent decreases due to diffusion of antisolvent which causes supersaturation and subsequently crystallization take places. A high and rapid supersaturation is induced in the solution which yield small size particle with narrow size distribution. A variety of pharmaceutical compounds such as salbutamol [6] , atenolol [7] , theophylline [8] , cefonicid [9] , erlotinib hydrochloride and fulvestrant [10] , ampicillin [11] , cilostazol [12] , cyclodextrins [13] have been processed using supercritical antisolvent micronization process and effect of process parameters such as temperature, pressure, flow rate of solution, solute concentration have been studied. SAS process has been successful for the producing spherical morphology of particles which has large possibility of industrial application because spherical microparticles in the range of 1-5 μm are very useful in the pharmaceutical field for aerosol formulations [14] . A number of biopolymers and lysozyme also have been successfully micronized [15] , [16] via supercritical antisolvent process.
Solubility of drug particle to be micronized plays a significant role on the mechanism of particle formation. Rossmann et al. [17] found that SAS system YAc/DMSO/CO 2 , which is composed of yttrium acetate (YAc) as solute, dimethyl sulfoxide (DMSO) as solvent, and carbon dioxide (CO 2 ) as antisolvent, precipitates amorphous particles. The SAS system PCM/EtOH/CO 2 , which is composed of paracetamol (PCM) as solute, ethanol (EtOH) as solvent and CO 2 as antisolvent, crystalizes crystal. These different mechanisms of particle formation have been correlated with the saturation solubility of the solutes which found to be approximately four orders of magnitude larger for the crystallizing system than for the precipitating system.
Experimental data for solubility of acetaminophen in the ternary system of CO 2 /ethanol/acetaminophen has been reported by Wubbolts et al. [18] . This solubility data was correlated with Peng- In this work, system considered is rifampicin/DMSO/CO 2 . As carbon dioxide diffuses into the solution droplet containing rifampicin and DMSO, the volume of solvent changes. The partial molar volume and subsequently total volume of solvent is calculated. The solubility of rifampicin has been calculated assuming mole fraction of solid solute in the solution is proportional to total volume of solvent in the mixture of carbon dioxide and solvent in the droplet.
II. MODEL EQUATIONS
Supercritical antisolvent micronization process starts with the atomization of solution containing a solute to be micronized dissolved in organic solvent in supercritical fluid environment. In this work solubility of rifampicin is to be determined in the ternary system of rifampicin/DMSO/CO 2 . As the solution of rifampicin n dimethyl sulfoxide is atomized through a nozzle in SC CO 2 , droplets are formed. This droplet is a binary mixture at the tip of the nozzle. As droplet moves down in SC CO 2 environment, two way mass transfer from droplet to SC CO 2 environment and SC CO 2 to droplet-take place. Rifampicin is insoluble in SC CO 2 and with diffusion of SC CO 2 in droplet, solvent power in ternary mixture decreases which leads a reduction in the solubility of rifampicin. When this solubility becomes higher than actual amount of rifampicin in the droplet, later becomes saturated and precipitation of rifampicin starts.
The droplets produced by the nozzle in supercritical antisolvent process are small, in the order of 50-100 μm [19] . In this work, droplet size is calculated using the equation cited by Rahul et al. [20] . This is also assumed that droplet is formed at the tip of the nozzle and velocity of the droplet is calculated applying continuity equation at the nozzle. Droplet moves downward in the precipitator. The journey of droplet is discretized into time interval (= 0.001 s) and mass transfer of CO 2 into droplet and DMSO from droplet is calculated.
The density of droplet is calculated using Peng-Robinson equation:
This equation is can be written as a cubic equation of state in the following form:
where This cubic equation of state has been solved using Newton -Rapson method taking ideal gas volume as first guess.
At t = 0, droplet is just formed. At t = 0+ t, droplet moves downward and supercritical carbon dioxide diffuses into the droplet and in this same time interval mass transfer solvent dimethyl sulfoxide also take place from droplet to precipitator. The mass transfer of carbon dioxide and dimethyl sulfoxide is calculated using following relation:
where N 1 is molar flux of carbon dioxide into droplet
where N 2 is the molar flux of organic solvent dimethyl sulfoxide into precipitator having supercritical carbon dioxide medium. Total moles of droplet can be calculated once N 1 and N 2 are calculated and subsequently mole fraction carbon dioxide and dimethyl sulfoxide can be calculated in the droplet. With the help of mole fraction of carbon dioxide in the droplet, equilibrium solubility of rifampicin is calculated using following formula [21] ( )
v 2 is the partial molar volume of dimethyl sulfoxide which is calculated using Pen-Robinson equation.
Droplet then moves to next interval and all these calculations such as density, mass flow rate of CO 2 and solvent, partial molar volume and solubility are done in MATLAB 7.1 for next interval. Journey of droplet in the precipitator discretized till all the solvent evaporated from the droplet.
III. RESULTS AND DISCUSSION
Supercritical antisolvent process starts with the atomization of solution in supercritical medium. From Fig.1 it can be concluded that droplet diameter increases first and then decreases. Droplet diameter depends on the total number of moles present in the droplet. As droplet moves downward, CO 2 diffuses rapidly into droplet while dimethyl sulfoxide evaporates from droplet. But net mass transfer is into droplet due to high diffusivity of CO 2 than dimethyl sulfoxide. Therefore the total number of moles in the droplet increases and its diameter increases. Total moles in droplet are varying with the time are shown in Fig. 2 . This is found that total moles decreases due to decrease in the moles of CO 2 in the droplet. This occurs because concentration of carbon dioxide becomes higher in the droplet and its back diffusion take place. Moles of dimethyl sulfoxide are continuous decreasing in the droplet. Fig. 3-Fig. 6 show moles of carbon dioxide in the droplet with respect to time, moles of dimethyl sulfoxide in the droplet with respect to time, mole fraction of carbon dioxide in droplet with respect to time. Solute rifampicin is insoluble in carbon dioxide hence diffusion of carbon dioxide in dimethyl sulfoxiderifampicin mixture decreases the solubility of rifampicin in the droplet. As mole fraction of carbon dioxide increases in the droplet, equilibrium mole fraction of rifampicin decreases in droplet which is shown in Fig. 6 . Process parameter such flow rate, nozzle diameter, Pressure and Temperature have a significant role on mass transfer between droplet and supercritical carbon dioxide. In this work, effect of these parameters have been studied and shown in Fig. 7-Fig. 9 . This has observed that change in flow rate and nozzle diameter produced droplet of different diameter while pressure and temperature have little effect on initial droplet diameter.
V. CONCLUSION
Mass Transfer between droplet and supercritical carbon dioxide has been studied in this work and it is found that number of moles of a moving droplet increase first and then decreases. This is due to mass transfer of carbon dioxide from supercritical medium into droplet and then back diffusion from the droplet. Number of moles of dimethyl sulfoxide is decreasing continuously. Effects of flow rate, nozzle diameter, pressure and temperature have been studied. Higher flow rate leads to smaller droplet while larger nozzle diameter produces bigger droplet. Increasing the pressure in supercritical antisolvent process lead to fast evaporation of solvent while increasing the temperature slows the evaporation of solvent. Therefore higher flow rate, smaller nozzle diameter, higher pressure and lower temperature are the suitable to increase the evaporation of dimethyl sulfoxide and subsequently for lower residence time of moving droplet in the precipitator. 
